cells, which mediate lysis via the Fas-FasL pathway. In vivo depletion of T-cell subsets showed that the pCIOmp31-induced protection against Brucella infection is mediated predominantly by CD8 ؉ T cells, although CD4
؉ T cells also contribute. Our results demonstrate that the Omp31 DNA vaccine induces cytotoxic responses that have the potential to contribute to protection against Brucella infection. The protective response could be related to the induction of CD8 ؉ T cells that eliminate Brucella-infected cells via the perforin pathway.
Bacteria of the genus Brucella are gram-negative, facultative intracellular pathogens that cause a severe infectious disease in many animal species, including humans. B. melitensis is the most pathogenic species for humans and is the least species specific, infecting goats, sheep, cows, camels, and dogs (63) . B. ovis also infects sheep and, together with B. melitensis, causes ovine brucellosis, a disease that induces major economic losses in countries in which sheep husbandry is an important industry (14) . Vaccination is the only method of control suitable for countries with a high incidence of this disease (8) and at present, live attenuated B. melitensis Rev 1 is still the strain most widely used for this purpose (10, 45) . However, Rev 1 produces serological responses that interfere with the diagnosis of Brucella infections (10, 25) ; it is resistant to streptomycin, one of the antibiotics of choice used to treat brucellosis (46) ; it is pathogenic for humans (9) ; and its use is prohibited in countries free of B. melitensis (35) .
Numerous attempts to develop killed vaccines that are as effective as Rev 1 have met with limited success. An inactivated vaccine comprising killed, smooth B. melitensis strain H38 induced protection similar to that given by the Rev 1 strain, but the local lesions that develop at the site of inoculation have prevented further use of this vaccine (4) . Inactivated H38 vaccine is, however, a good laboratory reference vaccine for evaluation of the protective properties of vaccinal preparations in mice (11) . Subcellular vaccines could avoid the drawbacks of live attenuated vaccines, being safer and not interfering with immunodiagnosis, provided that good protective antigens (Ags), different from those used for testing, are selected.
Protective immunity to Brucella spp. is incompletely understood, but similar to the case for most intracellular bacterial infections, cell-mediated immunity plays a critical role in protection against virulent Brucella infection, although antibodies (Ab) specific for the O polysaccharide of the lipopolysaccharide and certain membrane proteins can confer protection in some host species (12, 33) . It is thought that a coordinated response of the cellular immune system is fundamental. Consequently, both CD4 ϩ and CD8 ϩ T lymphocytes are believed to play important roles in immunity to Brucella (6) , in part because they secrete gamma interferon (IFN-␥) for the activation of bactericidal functions in macrophages (39) . In addition, lysis of infected cells and subsequent killing of Brucella by cytotoxic T lymphocytes (CTLs), including CD4 ϩ , CD8 ϩ , and ␥␦ T cells, may be important in maintaining continuous immune surveillance. T-helper 1 (Th1)-type antibody isotypes such as immunoglobulin G2a (IgG2a) and IgG3 may also opsonize the pathogen to facilitate phagocytosis (39) .
Despite the many mechanisms postulated to be at play in immune protection, the general concept of a subunit vaccine in brucellosis was based on the generation of memory Th1 cells by immunization with T-cell Ags. The majority of the T-cell Ags that have been characterized induce CD4
ϩ T-cell proliferation and IFN-␥ secretion. Some of them have been successfully tested as subunit vaccines against B. abortus (2, 51, 57, 59). CD8 ϩ T-cell Ags have been less well studied. C57BL/6 mice infected with B. abortus S19 induced cytotoxic CD8 ϩ T cells and controlled infection (50) , suggesting that protective Ags presented to the T-cell receptor through major histocompatibility complex (MHC) class I molecules exist. Yet, information on the development of Brucella-specific CTLs in vaccinated animals and the phenotypic and functional characterization of such CTLs is scant. B. abortus RB51 vaccination induced Brucella-specific CTL activity in both CD4
ϩ and CD8 ϩ lymphocytes (29) . On the other hand, instraspleen immunization with a DNA vaccine coding for Brucella superoxide dismutase generated a Th1 response along with CD8 ϩ -restricted CTLs and protected mice against B. abortus challenge (47) . It is still unknown if there is a correlation between the in vitro CTL activity and the levels of protection in vivo against Brucella challenge.
The outer membrane proteins (Omps) of Brucella spp. have been extensively characterized as potential immunogenic and protective Ags (20) . Passive protection experiments in mice have shown that mixtures of monoclonal Abs (MAbs), previously shown to bind individually to several Omps, conferred no or poor protection against smooth Brucella strains in mice (18, 33) , whereas they were protective against rough B. ovis (13) . Protection was better when anti-Omp31 MAb was present in the mixture of MAbs (12) . This could be attributed to the presence of the O-polysaccharide-bearing lipopolysaccharide on smooth strains, which has been shown to hinder deeper Omp epitopes (12, 19) . Indeed, vaccination with Omp31-enriched preparations, which induced a strong Ab response but a poor cellular response, provided protection against B. ovis (22) but not against B. melitensis (26) challenge. These findings have added support to the contention that Brucella Omps seem to have little relevance as protective Ags in smooth B. melitensis infections, whereas these proteins, in particular Omp31, appear as important protective Ags against B. ovis infection. Nonetheless, Omp31 could be potentially protective against smooth Brucella strains if an appropriate cell-mediated immunity could be achieved.
DNA vaccination is a relatively novel and powerful method of immunization that induces both humoral and cellular (Th1 and CTL) immune responses and protection against a wide range of pathogens (27) . Based on the results obtained with DNA vaccines against other pathogenic intracellular bacteria, many studies of brucellosis have been conducted (3, 16, 41, 43, 47, 52, 59) . These vaccines induced strong Th1 responses, and some of them conferred protection against challenge with B. abortus (3, 41, 47, 52, 59) .
In this study we evaluated the immunogenicity and protective efficacy of a DNA vaccine coding for the Omp31 protein. This vaccine conferred protection against B. ovis and B. melitensis infection. We also characterized the T-cell responses elicited after DNA vaccination and evaluated in vivo the roles of CD4 ϩ and CD8 ϩ T cells in protection. Our results demonstrate that a subunit vaccine can be efficacious against Brucella infection by eliciting a CTL response mediated by CD8 ϩ T cells via the perforin pathway.
MATERIALS AND METHODS
Mice. Four-to 6 week-old female BALB/c mice (obtained from Instituto Nacional de Tecnología Agropecuaria, CICV, Castelar, Argentina) were acclimated and randomly distributed into experimental groups. Mice were kept in conventional animal facilities and received water and food ad libitum, in accordance with pertinent U.S. federal regulations and polices.
Bacterial strains. Escherichia coli strain JM109 (Promega, Madison, WI) was used as the host during the cloning experiments and for propagation of plasmids. Strain BL21(DE3) (Stratagene, La Jolla, CA) was used for expression of the recombinant protein. Bacterial strains were routinely grown at 37°C in LB broth or agar, supplemented when required with 100 g/ml of ampicillin. B. melitensis H38S and B. ovis PA76250 (virulent strains) were cultured in tryptose soy agar (Merck, Buenos Aires, Argentina) supplemented with yeast extract (Merck) and incubated as described previously (22, 26) .
Cell lines. J774.A1 and COS-7 cell lines were purchased from the American Type Culture Collection (Manassas, VA). Cells were cultured in complete medium (RPMI 1640 supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% heat-inactivated fetal bovine serum) (Gibco-BRL, Life Technologies, Grand Island, NY). A20J cells expressing class I and II MHC molecules were kindly provided by Mauricio Rodriguez (Universidad Federal de Sao Pablo, Brazil) and were cultured in complete medium (Gibco).
Cloning and expression of the B. melitensis Omp31 protein. Recombinant Omp31 (rOmp31) was cloned, expressed in E. coli, and purified as previously described (15) . Purity was assessed by Coomassie blue staining as reported elsewhere (15) .
Construction of the Omp31 DNA vaccine. The omp31 gene from B. melitensis, including restriction sites at the 5Ј ends of the primers and the Kozak consensus sequence (40) , was cloned in the pCI-neo vector (Promega). The sequence information previously reported (61) was used to design the oligonucleotides Omp31 for (5ЈACCGGATCCACCACCATGAAATCCGTAATTTTG3Ј) and Omp31 back (5ЈAGGCGTCTAGACATTCAGGACAATTCCCGCC3Ј). The Kozak sequence is underlined. To ensure that the plasmid construct was intact and functional, it was sequenced across the gene insert. The plasmid (pCIOmp31) was amplified in E. coli JM109 cells and isolated using Megaprep plasmid isolation columns (QIAGEN, Dorking, United Kingdom). The purity and concentration of DNA were determined by spectrophotometry at 260/280 nm. To corroborate Omp31 expression, COS-7 cells were transfected with 2 g of pCIOmp31 and 20 l Lipofectamine reagent (Gibco) according to the manufacturer's specifications. Expression was confirmed by Western blotting, developed with the anti-Omp31 MAb A59/F09/G10 (21) . Omp31 was detected in cell lysates but not in supernatants after 24 and 48 h of culture (data not shown).
Immunization. Mice were anesthetized with methoxyfuorane (Mallinckrodt, Phillipsburg, NJ) and immunized by the intramuscular route with 100 g of pCIOmp31 or pCI as a control. Each mouse was injected at days 0, 15, 30, and 45. As a positive control, another group was immunized once subcutaneously at day 0 with 8 ϫ 10 8 formalin-killed B. melitensis H38S (H38) organisms in incomplete Freund's adjuvant. As a negative control, an additional group was inoculated with phosphate-buffered saline (PBS). Sera were obtained at 15, 30, 45, 60, 75 , and 105 days after the first immunization (eight mice per group). Thirty days after the last DNA injection, mice were challenged intravenously with virulent Brucella organisms (eight mice per group) or were sacrificed to conduct the analysis of immune responses, including proliferation, cytokine production, and CTL induction (five mice per group).
Protection experiments. pCIOmp31-, pCI-, PBS-, or H38-immunized mice were challenged, by intravenous injection, with 1.1 ϫ 10 4 B. melitensis H38S or 1 ϫ 10 4 B. ovis organisms. Mice were killed by cervical dislocation 30 days after being challenged, and their spleens and livers were removed aseptically. Each spleen or liver was homogenized in a stomacher bag, serially diluted, plated on tryptose soy agar supplemented with yeast extract, and incubated as described previously (22, 26) . The number of CFU per spleen or liver was counted, and the results were represented as the mean log CFU Ϯ standard deviation (SD) per group. Log units of protection were obtained by subtracting the mean log CFU for the vaccinated group from the mean log CFU for the control immunized group.
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Omp31 ELISA. Serum reactivities against rOmp31 were determined by indirect enzyme-linked immunosorbent assay (ELISA) as described previously (15) . The cutoff value for the assay was calculated as the mean specific optical density plus 3 SDs from 20 sera from nonimmunized mice assayed at a 1:100 dilution. Serum titers were established as the reciprocal of the last serum dilution yielding an optical density higher than the cutoff.
Proliferative and cytokine responses. Spleen cell suspensions from immunized or control mice were prepared in complete medium and plated at 4 ϫ 10 6 /well in 24-well flat-bottom plates (Nunclon; Nunc, Roskilde, Denmark) for cytokine assays and at 2 ϫ 10 5 /well in 96-well flat-bottom plates (Nunc) for proliferation assays. Cells were stimulated in vitro at 37°C in 5% CO 2 with rOmp31 (0.1, 1, or 10 g/ml), concanavalin A (ConA) (2.5 g/ml), or medium alone. Supernatants were taken after 24, 48, or 72 h of culture and stored at Ϫ70°C until assayed for cytokine production. Interleukin-2 (IL-2), IL-4, IL-10, and IFN-␥ in culture supernatants were measured by sandwich ELISA using paired cytokine-specific monoclonal antibodies according to the manufacturer's instructions (PharMingen, San Diego, CA). Alternatively, after 5 days, the cultures were pulsed with 1 Ci of [ 3 H]thymidine (ICN Pharmaceuticals Inc., Costa Mesa, CA) for 18 h and harvested, and radioactivity was counted in a liquid scintillation counter. Results were expressed as a stimulation index (S.I.), which is counts per minute of stimulated cultures divided by counts per minute of unstimulated cultures.
Generation of CTL targets. A20J cells were transfected with 2 g of pCIOmp31 or pCI and 20 l Lipofectamine reagent (Gibco) according to the manufacturer's specifications. Stable transfectants were selected in RPMI 1640 complete medium containing 800 g/ml of Geneticin (Gibco). These cells were cloned by limiting dilution in 96-well tissue culture dishes at a cell density of 0.3 to 0.5 cells/well. Individual clones were expanded in medium containing Geneticin and tested for the expression of Omp31 by reverse transcription-PCR. For generation of CTL targets, pCIOmp31-transfected cells were incubated for 16 h with 10 g/ml of rOmp31 (A20JOmp31) or pCI-transfected cells were cultured in medium alone (A20pCI). Alternatively, J774.A1 macrophages at confluent growth were infected with opsonized live B. ovis at a ratio of 1:100 (cells to bacteria) for 6 h. Extracellular bacteria were rinsed away with RPMI containing 100 g/ml of gentamicin and 50 g/ml of streptomycin. Macrophages (J774 B. ovis) were scraped off with a sterile rubber policeman and centrifuged at 200 ϫ g for 5 min. Target cell were harvested and labeled with 0.1 mCi 51 Cr/2 ϫ 10 51 Cr release CTL assay. Effector and target cells were incubated at different effector/target cell ratios in 96-well round-bottom plates (Costar Corporation, Cambridge, MA) for 6 h at 37°C in a final volume of 200 l. After culture, the supernatants were harvested, and radioactivity was counted in a gamma counter (Clinigamma; LKB, Turku, Finland). Spontaneous release was determined by culturing target cells in medium alone, and maximum release was determined by lysis of target cells in 5% (vol/vol) Triton X-100-containing medium. The percentage of specific lysis was calculated as [(experimental release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release)] ϫ 100. Data given are the means of triplicate determinations. Spontaneous release values were always Ͻ10% maximum release values. Where indicated, in vitro-generated effector cells were preincubated with 10 l/ml of culture supernatants from anti-mouse CD4 (GK1.5; American Type Culture Collection [ATCC]) or anti-mouse CD8 (53-6.72; ATCC) hybridomas for 2 h. Nonspecific rat IgG hybridomas were used as isotype controls. In some experiments effector cells were previously depleted of CD4 ϩ or CD8 ϩ T cells by using mouse CD4 (L3T4) or mouse CD8 (Lyt2) Dynabeads according to the manufacturer's instructions (Dynal Biotech, Oslo, Norway). Efficacy of cell depletion was greater than 99% as determined by flow cytometric analysis of effector cells (not shown). After being depleted, effector cells were resuspended in the original volume and used in the cytotoxic assay. Where indicated, depleted or nondepleted effector cells were pretreated with brefeldin A (BFA) (Sigma) (5 g/ml) or 200 nM concanamycin A (CCA) (Sigma) for 2 h as described previously (37, 44, 58) . Treated cells were washed thoroughly before being used. Concentration of 0.5 g/ml of BFA and 100 nM CCA was kept throughout the assay.
Flow cytometry for intracellular IFN-␥ and cell surface marker staining. Intracellular cytokine staining was used to determine the IFN-␥ production at the single-cell level. Briefly, after 5 days of primary stimulation, effector cells from pCIOmp31-or pCI-immunized mice were extensively washed and restimulated with mitomycin C-treated A20JOmp31 cells and rOmp31 (10 g/ml) or phorbol myristate acetate (20 ng/ml) (Sigma) plus ionomycin (750 ng/ml) (Sigma) and then incubated 4 h with 10 g/ml of BFA (Sigma). Cells were then harvested, stained for surface expression with fluorescein isothiocyanate-conjugated anti-CD4 ϩ (clone GK1.5) and Cy-Chrome-conjugated anti-CD8 ϩ (clone 53-6.7) (PharMingen), and washed with PBS-2% fetal bovine serum. Intracellular IFN-␥ staining was performed with phycoerythrin-conjugated anti-IFN-␥ (clone XMG1.2) (PharMingen), using the Fix & Perm kit (PharMingen) according to the manufacturer's instructions. Negative control samples were incubated with irrelevant, isotype-matched Abs in parallel with all experimental samples. Samples were analyzed for a total of 300,000 events on a FACScan flow cytometer (BD Biosciences, Mountain View, CA).
In vivo T-cell depletion. Vaccinated mice were depleted of CD4 ϩ or CD8 ϩ T cells by intraperitoneal injection of 200 g of purified GK1.5 or 2.43 (ATCC) MAbs, respectively, on days Ϫ2, 1, 4, 7, and 10 after bacterial challenge. Efficacy of cell depletion was greater than 99% as determined by flow cytometric analysis of splenocytes (not shown). Nonspecific rat IgG purified MAb was used as an isotype control.
Statistical analysis. The CFU data were normalized by log transformation and evaluated by analysis of variance followed by Dunnett's post hoc test. The cellular and antibody responses were compared using the nonparametric MannWhitney U test (InStat; GraphPadv4).
RESULTS
The Omp31 DNA vaccine protects BALB/c mice against B. melitensis and B. ovis infection. Protection experiments were carried out by challenging pCIOmp31-vaccinated and control mice with B. melitensis or B. ovis, and the level of infection was evaluated by determining CFU in spleens and livers. In the spleen, mice given pCIOmp31 exhibited a significant degree of protection against B. melitensis and B. ovis (P Ͻ 0.001) compared with controls receiving PBS (1.30 and 2.24 log protection, respectively) ( Table 1) . Inactivated H38, the control vaccine, induced 2 and 2.61 log protection against B. melitensis and B. ovis, respectively. No reduction in the number of CFU was seen in animals injected with pCI compared to the number in control animals. pCIOmp31 and H38 were also protective against B. melitensis and B. ovis infection in the liver (Table 1) . These results indicate that immunization with pCIOmp31 afforded a significant degree of protection against smooth and rough Brucella infection. The Omp31 DNA vaccine induces weak humoral and Thelper responses. Omp31 is an excellent model to evaluate the roles of different immune mechanisms elicited in protection, since it is well exposed in B. ovis but hindered in B. melitensis (12) . To evaluate the humoral response, IgG anti-Omp31 titers in sera from immunized mice were measured by ELISA. Immunization with pCIOmp31 elicited a weak IgG response that was detectable only 30 days after the first immunization (IgG titer range, 400 to 3,200) and declined thereafter. B. ovis challenge was unable to boost this response (Fig. 1A) . IgG1 Abs were not detected throughout the experiment. Low titers of IgG2a were detected in only three out of eight mice (data not shown). Similar reactivities were detected in an ELISA using hot-saline extract from B. ovis (not shown). Neither the animals inoculated with pCI nor the H38-inoculated animals showed any specific anti-Omp31 antibodies (Fig. 1A) .
To evaluate the cellular immune response induced by pCIOmp31, the ability of spleen cells from PBS-, pCI-, pCIOmp31-, or H38-immunized mice to proliferate in vitro against rOmp31 was tested at the time of bacterial challenge. Cells from mice injected with pCIOmp31 showed a weak but significant (P Ͻ 0.05) Ag-specific proliferative response (S.I. ϭ 2.3) compared with splenocytes from PBS-or pCI-immunized mice (S.I. ϭ 0.83 and 0.6, respectively). In contrast, no significant response was detected in spleen cells from mice injected with H38 (S.I. ϭ 0.67) (Fig. 1B) . Spleen cells from all mice proliferated in response to ConA, with no significant differences observed among the groups (data not shown). To get further information on the type of immune response induced by pCIOmp31 immunization, cytokine secretion in culture supernatants of spleen cells from PBS-, pCI-, pCIOmp31-, or H38-immunized mice was evaluated by ELISA. Different concentrations of rOmp31 (0.1, 1, and 10 g/ml) were unable to induce antigen-specific production of IFN-␥ in spleen cells (Fig. 1C) . The inability of T cells from pCIOmp31-immunized mice to produce IFN-␥ upon restimulation with Omp31 was further confirmed by intracellular analysis of IFN-␥ production. Neither CD4 ϩ nor CD8 ϩ T cells produced IFN-␥ when cultured with mitomycin C-treated A20JOmp31 cells and 10 g/ml of rOmp31 (Fig. 1D) . Spleen cells from immunized mice were also unable to produce IL-4 or IL-10. A weak but not significant IL-2 secretion was observed in the supernatants of spleen cells from pCIOmp31-immunized mice (not shown).
Taken together, these results indicate that pCIOmp31 immunization afforded significant protection in mice against smooth and rough Brucella strains without inducing a detectable Th1 cytokine response and in the presence of a weak humoral response, suggesting that other mechanisms are involved in the pCIOmp31-elicited immune protection.
The Omp31 DNA vaccine induces a specific cytotoxic response. DNA immunization has been shown to be effective in inducing CTLs (27) . Therefore, the induction of Omp31-specific CTLs in pCIOmp31-immunized mice was examined and compared with the responses in mice immunized with the H38 vaccine. Splenocytes from pCI-, PBS-, pCIOmp31-, or H38-immunized mice were harvested at the time of bacterial challenge. CTL responses were assessed by the 51 Cr release assay after in vitro stimulations with mitomycin C-treated A20JOmp31 stimulator cells. Target cells were A20JOmp31 or A20JpCI (control) cells. Specific lysis of A20JOmp31 cells was observed at effector/target cell ratios of 25:1 or higher using CTLs from mice that were immunized with pCIOmp31 or H38 and that had been protected against bacterial challenge. Splenocytes from pCI-immunized mice minimally lysed A20JOmp31 cells and failed to lyse A20JpCI cells (Fig. 2 ). These results demonstrate that Omp31-specific CTL activity could be detected in spleen cell cultures derived from pCIOmp31-and H38-vaccinated mice and suggest that Omp31 cytotoxic responses are a key mechanism in the protection against smooth and rough Brucella infection.
pCIOmp31 immunization elicits CD8 ؉ T cells that mediate cytotoxicity via perforins and CD4
؉ T cells that mediate lysis via Fas-FasL pathways. The above results prompted us to further characterize the Omp31-specific cytotoxic responses. To investigate whether CD4 ϩ and/or CD8 ϩ T cells were involved in the cytotoxic response elicited by pCIOmp31, effector cells were preincubated with anti-CD4 or anti-CD8 MAbs and cytotoxic activity against A20JOmp31 cells was assessed by the 51 Cr release assay. Either treatment significantly abrogated (P Ͻ 0.05) the cytotoxic activity of spleen cells from pCIOmp31- 
FIG. 3. CD4
ϩ T and CD8 ϩ T cells are involved in the Omp31-specific cytotoxic activity elicited by pCIOmp31 or H38 immunization. 51Cr release CTL assay was undertaken as described for Fig. 2 . Effector cells from pCIOmp31-or H38-immunized mice were previously incubated for 2 h with culture supernatants from anti-mouse CD4 ϩ or anti-mouse CD8 ϩ hybridomas or an IgG isotype control (-). The effector/target cell ratio was 100: or H38-vaccinated animals, indicating that both cell types were involved in cytotoxicity (Fig. 3) .
To further determine the contributions of CD8 ϩ and CD4 ϩ T cells in the Omp31-specific cytotoxic responses, effector cells were depleted of CD4 ϩ T cells or CD8 ϩ T cells by using immunobeads. When CTLs from pCIOmp31-immunized animals were depleted of CD4 ϩ T cells, lysis of A20JOmp31 cells was reduced 30%. In contrast, depletion of CD8 ϩ T cells reduced the Omp31-specific lysis 70% (Fig. 4) . Thus, pCIOmp31 immunization induces mainly CD8 ϩ T cells but also elicits CD4
ϩ -specific CTLs. T cells may induce cytotoxicity by two distinct molecular pathways: the granule exocytosis pathway, which is dependent on the pore-forming molecule perforin, or the up-regulation of FasL (CD95L), which may initiate programmed cell death through interaction with Fas (CD95) on target cells (36) . To investigate the roles of both pathways in the Omp31-specific cytotoxicity, CD4
ϩ -or CD8 ϩ -depleted effector cells were previously incubated for 2 h with CCA, a specific inhibitor of the secretory pathway (perforin, granzymes, etc.) (37), or with BFA, a drug that preferentially affects the Fas/FasL pathway (37, 44) , and then used as CTLs against A20JOmp31 cells in the 51 Cr release assay. CCA strongly inhibited the cytotoxic activity elicited by CD4 ϩ -depleted effector cells, whereas BFA had no effect on these cells. Conversely, BFA completely abrogated the cytotoxicity elicited by CD8 ϩ -depleted effector cells, while CCA had no effect (Fig. 4) . These results indicate that Omp31-specific CD8 ϩ T cells mediate specific lysis of target cells via the perforin pathway, while CD4 ϩ T cells use the Fas-FasL pathway.
CTLs from pCIOmp31-immunized mice lyse Brucella-infected macrophages. We next investigated whether pCIOmp31 vaccination could induce a cytotoxic response against Brucellainfected macrophages. Splenocytes from pCIOmp31-immunized mice were cultured for 5 days with mitomycin C-treated A20JOmp31 stimulator cells, and then their ability to recognize and kill a macrophage cell line (J774) infected with B. ovis was analyzed. Uninfected J774 cells served as a control. CTLs from pCIOmp31-immunized mice were able to lyse J774-infected cells but did not lyse uninfected J774 cells (Fig. 5A) . As with the Omp31-specific response, CD8 ϩ T cells elicited lysis of Brucella-infected cells via the perforin pathway, while CD4 ϩ T cells did so via the Fas-FasL pathway (Fig. 5B) . The same
FIG. 4. pCIOmp31 elicits effector CD8
ϩ T cells that mediate cytotoxicity via perforin and CD4
ϩ -specific T cells that use the Fas-FasL pathway. 51Cr release CTL assay was performed as described for ϩ T cells. In the absence of immune depletion, mice given pCIOmp31 exhibited a significant (P Ͻ 0.001) degree of protection against B. melitensis compared with controls receiving pCI (1.45 log protection). pCIOmp31 vaccination induced 0.63 log protection in mice depleted of CD8 ϩ T cells (P Ͼ 0.05) and 1.10 log protection in CD4 ϩ -depleted mice (P Ͻ 0.05). Isotype control IgG injections had no effect on the degree of protection induced by pCIOmp31 (Table 2) . These results suggest a major role of CD8 ϩ T cells and a minor contributive role of CD4 ϩ T cells in the pCIOmp31-mediated immunity against Brucella.
DISCUSSION
Control of brucellosis in domestic animals has markedly reduced the incidence of human infection, but this disease still represents an important cause of morbidity worldwide. A human vaccine would be valuable for individuals who may be occupationally exposed to Brucella spp. and for persons who consume unpasteurized dairy products from areas in which this bacterium is endemic. Several attempts have been made to control human disease by vaccination with attenuated Brucella strains (54) . However, practical acceptance of these preparations has been very limited, mainly because of the unacceptable local inflammatory reactions elicited by them, together with their limited protection. Clearly, there is a need for a better vaccine for brucellosis eradication (5) . Due to its epidemic potential, the absence of a human vaccine, the drawbacks of current vaccine strains in terms of safety, and the efficiency of aerosol infection, this airborne pathogen is classified as a biosafety level 3 pathogen and considered to be a potential bioterrorism agent (38) , further supporting the need to develop effective medical protective measures against it.
In this study we investigated the immune response and protection elicited by a DNA vaccine coding for Omp31, an outer membrane protein from Brucella. Mice immunized with the Omp31 DNA vaccine were significantly protected against B. ovis and B. melitensis infection. Protection was observed in the spleen and also in the liver, an important site for the control of Brucella infection (17, 32) . Levels of protection afforded in the spleen and the liver after B. ovis challenge were comparable to the ones achieved by the H38 control vaccine. After B. melitensis challenge, pCIOmp31 elicited a lower degree of protection in the spleen than H38. However, in the liver it induced levels of protection similar to those induced by the control vaccine, suggesting that using this vaccine preparation the liver seems to be better for protection against B. melitensis. Until now there have been no reports on a subunit vaccine that is able to confer protection against smooth B. melitensis, the most virulent strain of Brucella spp. Thus, the Omp31 DNA vaccine could be included in the development of a multisubunit vaccine in the immunoprophylaxis of brucellosis.
Although there were detectable levels of IgG anti-Omp31, the antibody response to pCIOmp31 vaccination was low compared to those with other immunization systems using the same antigen (22) . Moreover, titers of IgG1 or IgG2a isotypes were heterogeneous, with some animals producing detectable levels of antigen-specific antibodies, whereas the majority appeared not to respond; this is a phenomenon already reported for other DNA vaccines (16, 53) . Surprisingly, B. ovis infection was unable to boost this response. This could be because (i) the response was too low and could not generate memory B cells or (ii) the levels of Omp31 expressed on the surface of B. ovis were insufficient to boost the response.
Splenocytes from pCIOmp31-protected mice were not able to mount an Omp31-specific secondary Th1 recall response. In a previous report we have shown that a DNA vaccine coding for a ribosome recycling factor induced a specific Th1 response but did not confer protection against B. melitensis infection (16) . Our results and numerous examples in the literature (2, 43, 60) indicate that the levels of IFN-␥ produced in response to a candidate vaccine do not always correlate with the efficacy of this vaccine during Brucella challenge. It appears that many Brucella proteins to which infected or vaccinated animals develop appropriate immune responses may not play a determinant role in host-acquired protective immunity to brucellosis. It is also possible that these antigens are not able to develop another arm of the cell-mediated immune response that is important for protection against Brucella infection. Therefore, the Omp31 DNA vaccine could activate another cell-mediated protective mechanism without inducing antigen specific IFN-␥ induction, as was demonstrated in different protocols for DNA vaccination against intracellular pathogens (7, 28, 62) .
We are interested in determining other immune mechanisms that could contribute to the control of Brucella intracellular growth, particularly because understanding these mechanisms may provide improved correlates of protection for vaccine research. Previous reports indicated that mice immunized with B. abortus conjugated to a peptide derived from the third variable loop of the human immunodeficiency virus type1 envelope containing a CTL epitope developed MHC class I- ϩ T cells (24) . As the Ag-specific CTL control of Brucella infection has not been extensively studied, we evaluated CTL responses in vaccinated mice. Both CD4 ϩ -and CD8 ϩ -specific cytotoxic T cells were induced after Omp31 DNA vaccination. Significant Omp31-specific CTL responses were also detected in H38-immunized mice. Since effector CTL responses against complex infectious antigens are restricted to a few epitopes compared to the total number of epitopes potentially available (1), this result suggests that Omp31 harbors, at least, an immunodominant T cytotoxic epitope. Our results are in agreement with previous reports indicating that a certain level of cytotoxic activity by antigen-specific CD4 ϩ T cells is induced after strain RB51 immunization, although their cytolytic ability was much less than that of CD8 ϩ T cells (29) . The potential of cytotoxic T-lymphocyte-mediated mechanisms in the regulation and control of Brucella infection is largely unexplored. Omp31-specific CTLs were able to lyse Brucella-infected macrophages. Mainly CD8
ϩ , but also CD4 ϩ , T cells were involved in the CTL activity induced by the Omp31 DNA vaccine, yet by a different cytotoxic mechanism. CD8 ϩ T cells elicit lysis of Brucella-infected macrophages via the perforin pathway, while CD4 ϩ T cells use the Fas-FasL pathway. This suggests that, similarly to the situation observed in the vaccine-mediated defense against other intracellular bacteria (55), the Omp31-specific CTL responses might serve different purposes in the control of infection. Cytotoxic CD8 ϩ T cells may have a predominantly antimicrobial function against this intracellular pathogen, whereas the cytotoxic CD4 ϩ T cells, through the Fas-mediated pathway, may have a predominantly immunomodulatory role in removing the cells that sustain immune help by presenting antigen on MHC class II (56) . In that respect, a recent study suggests that Fas is involved in termination of the antigen-specific response of T lymphocytes to Listeria monocytogenes after the resolution of infection (34) .
The in vivo T-cell subset depletion experiments strongly correlate with the in vitro CTL induction in that they clearly show that protection against B. melitensis elicited by pCIOmp31 was mainly attributed to CD8 ϩ T cells but also that CD4 ϩ T cells are involved. Although protection in Omp31-vaccinated mice depleted of CD8 ϩ T cell was significantly decreased, it was not completely abrogated. In the same way, CD4 ϩ T-cell depletion affects, albeit minimally, the level of protection elicited by the Omp31 DNA vaccine. This is consistent with the contention that induction of both CD8 ϩ and CD4 ϩ T cells is needed to obtain the maximum level of protection by the DNA vaccine. Our results are compatible with previous results that shows that B. abortus infection was greatly exacerbated in mice that were deficient in MHC class I molecules. In contrast, mice that lacked functional MHC II were able to control B. abortus infection (50) . These experiments demonstrate that CTLs, but not Th cells, are critical for protection against B. abortus and are in agreement with findings showing that B. abortus can induce CTLs even in the absence of functional CD4 ϩ T cells. Altogether, these data suggest that vaccines that elicit both CD8 ϩ and CD4 ϩ T cytotoxic responses are sufficient to confer protection against Brucella in mice. Others, however, using a different strain of B. abortus, indicated that CTLs were not important after the first week of infection in C57BL/6 mice (49). The same authors in another paper reported that at 3 weeks postinfection, CD8
ϩ T cells are important in controlling bacterial numbers in BALB/c mice (48) .
Thus, if cytotoxicity can make a contribution to protection, brucellosis vaccines should be designed to promote this aspect of cellular immunity, not just Th1 responses and macrophage activation. In particular, antigen-specific delivery of cytotoxic bactericidal proteins may be highly desirable. Unfortunately, little is currently known about the mechanisms of regulation of the development of cytotoxicity (42) , and still less is known about the differential development of cells expressing the FasFasL versus the perforin pathway. However, DNA vaccination seems predisposed to generate responses with a strong bias towards cytotoxicity (31) . Moreover, it has been reported that DNA vaccination could induce CTL responses in cattle (30) , further reinforcing the probable use of this vaccine in larger animals.
In conclusion, our results indicate that Omp31 could be a useful candidate for the development of subunit vaccines against brucellosis, since it elicits high levels of protection against smooth and rough species of Brucella. Protection takes place by virtue of the induction of cytotoxic CD8 ϩ (mainly) and CD4 ϩ T cells. A weak humoral response was also observed ( Table 3) . The results also demonstrate that lysis of infected cells via perforins/granzymes is relevant for the induction of protective anti-Brucella immunity.
Finally, our results together with previous work (39) indicate that several distinct bactericidal mechanisms may operate in cellular immunity against brucellosis. Different mechanisms may be featured at distinct stages of infection, to kill both actively multiplying and dormant bacteria and cumulatively decrease the duration of persistence of the infection. 
